Recent advances in transgenic and gene-targeting approaches, mouse genetics, and microsurgical technology are initiating a revolution that has led to the unexpected coupling of in vivo molecular physiology with genetically engineered mice (for a brief review, see references 1, 2) . This perspective covers problems and prospects for using the engineered mouse as a model system to dissect complex, in vivo physiological traits, using the cardiovascular system as a paradigm for other complex organ systems (e.g., pulmonary, gastrointestinal, neural, and renal).
Monitoring complex in vivo cardiovascular phenotypes
The careful classification and characterization of the clinical phenotype is critical in mapping human cardiovascular disease genes, as the inclusion of false positives or negatives can undermine attempts to obtain a refined linkage analysis. Establishing strict phenotypic criteria for the long QT syndrome (3, 4) and hypertrophic cardiomyopathy (5, 6, 7) were essential in establishing genetic linkage and led to the subsequent identification of the disease genes by the candidate gene approach. Assessment of the cardiovascular phenotype in genetically manipulated mice has taken on an equally important role in developing murine models of human disease, determining the role of single genes in complex physiological traits, and in ascribing the lack of a phenotype to gene redundancy. Compounding the difficulty, the investigators having the skills required to generate transgenic or gene-targeted mice often do not have the expertise necessary to quantitatively monitor a complex physiological phenotype, that encompasses changes in diastolic or systolic function, neural control of integrative cardiovascular function, exercise-induced cardiorespiratory endpoints, or other complex parameters. Given the diminutive size of the mouse heart and associated vessels (the diameter of the adult mouse aorta is 1 mm in its widest distribution), a heart rate in excess of 450 beats per minute, the dearth of baseline parameters describing murine cardiovascular function and physiology, and the lack of widely available miniaturized technology to assess in vivo physiological phenotypes, until recently, most of the analysis of potential cardiovascular phenotypes in mice have been confined to simple histological assessments. Needless to say, since the usual classifications of many clinical diseases are not based on such parameters, the potential for making the wrong "diagnosis," missing a major phenotype, or wrongly concluding the absence of a phenotype are substantial. In the latter case, it may be premature to conclude that a lack of a phenotype in a gene-targeted animal is a true reflection of the functional redundancy of members of a given gene family, as this may simply reflect the inability to precisely assay a phenotype in a given tissue. For example, in the case of the myogenic determination genes MyoD and Myf-5, it is clear that these two genes are redundant in their ability to initiate skeletal myogenesis (8) . However, it is by no means certain that the MyoD and Myf-5 null phenotypes are identical at the level of muscle function, physiology, and fiber-type specificity. Analyzing the phenotypes of these gene-targeted mice in more detail may become of interest, particularly in regard to physiological assays of muscle performance and adaptation to an increased workload, which requires the coordinate transcriptional activation of a panel of muscle genes.
In a few instances, identical phenotypes have been interpreted very differently by independent laboratories. Recently, two groups reported that embryos which are homozygous deficient for NF-1, the neurofibromatosis gene, displayed prominent defects in the cardiac outflow tract (9, 10) . However, the cardiac phenotype was reported by one laboratory as persistent truncus arteriosus (10) and by the other as double outlet right ventricle (9) . Upon review of the micrographs in the relevant manuscripts, the morphogenic defect is clearly double outlet right ventricle, which places the NF-1 defect in the region of the conotruncal cushions (below the aortic valve), as opposed to the aortic sac which lies above the aortic valve. Since persistent truncus arteriosus is associated with neural crest defects while double outlet right ventricle is not, the discrimination of the correct morphogenic phenotype has major mechanistic implications. Of course, there is a significant possibility that histological examination alone may not be sufficiently sensitive to detect many of the cardiovascular morphogenic defects of the most interest. Recently, a rapid throughput microdissection protocol, coupled with scanning electron microscopy, has led to the uncovering of a wide spectrum of congenital heart disease phenotypes in RXR ␣ homozygous and heterozygous deficient mice (11) , not revealed by standard histological examination (12, 13) , underscoring the importance of the systematic quantitation of the severity and complexity of morphogenic defects. One can anticipate further advances in accurate phenotype assignment based upon development of new technology for three-dimensional magnetic resonance microscopy (which will allow high resolution tomographic analysis of embryonic morphogenesis) (14, 15) , and miniaturized ultrasound imaging (Turnbull and Baldwin, personal communication; 2). In addition, microsurgical advances and the development of miniaturized technology/transducers/catheters should prove useful, as these approaches now allow the assessment of cardiac ventricular pressures, volumes, function, and shunt detection in the living murine embryo with placental circulation intact (see cover figure) (16) . A partial listing of these recent developments towards molecular cardiovascular physiology have been provided in Table I . Variations of these ap- proaches should now allow a wide range of in vivo phenotypic monitoring of both the embryonic and the adult mouse in organ systems that were heretofore difficult to approach (e.g., pulmonary function, GI motility, neural reflexes, renal blood flow and function). In this regard, it will be particularly critical to develop technology to monitor these physiological variables in the awake, unanesthetized animals, since anesthesia can induce physiological artifacts. Developing new approaches to allow repeated, in vivo sampling of small blood samples from the mouse is also likely to be valuable.
Species variability
Although mice and men share a subset of highly conserved genes that regulate fundamental aspects of cardiovascular morphogenesis, their inherent physiological, dietary, and environmental differences suggest that species variability may ultimately become a critical consideration in engineering mouse models of human cardiovascular disease. The pharmaceutical industry is well aware of the variability in physiological responses between closely related mammalian species, fueling a continued interest in using primates in the late stages of clinical drug development. For example, the electrophysiology of the rat heart is quite distinct from that of the human. As a result, rodents have served as relatively poor model systems to study electrophysiological phenotypes, particularly as they may relate to arrhythmogenesis. Likewise, coagulation and thrombosis cascades in the mouse are quite variable from the human counterparts, and the marmoset is the preferred small experiment animal for questions in this field. The coronary circulation of small animals is also not optimal for exploring coronary angiogenesis and revascularization, due to extensive collateralization. The availability of genetically inbred hypertensive rat strains has led to their utility for mapping quantitative trait loci in the setting of hypertension, and will continue to have a major advantage over mouse model systems of hypertension for many years. Further underscoring this point, a number of single gene knockouts in mice have yielded distinctly different phenotypes from the corresponding human monogenic disease phenotypes. Given the large potential for species variability, it is likely to become increasingly important to clearly define whether the mouse displays fidelity to the clinical phenotype of interest and/or displays a conserved response to the genetic manipulation of interest. If not, then the possibility exists of humanizing the mouse to display the response or phenotype of interest, and then evaluating the concomitant effects of a given genetic manipulation in this more appropriate genetic background. Perhaps the most clear example of this point is the beautiful body of work from a number of independent laboratories that has led to the engineering of mouse model of atherosclerosis and lipoprotein metabolism. The wild type mouse, with some exceptions (e.g., strain C57BL/6), is generally resistant to an "atherogenic" diet, lacks several of the critical genes which control lipoprotein metabolism. Nevertheless, due to the creation of models with powerful analogies to human atherogenesis (Table II) , the mouse has become an important system for increasing our understanding of the human disease (17, 18) . The generation of mouse models has been facilitated by the fact that human genes involved in lipoprotein metabolism are usually single-copy and have often been sequenced and mapped. The most atherogenic mouse strain is the apolipoprotein E (apoE)-deficient mouse, where the apoE gene has been disrupted by homologous recombination (19, 20) . apoE is the ligand that is responsible for LDL and chylomicron remnant uptake, playing an important role in the clearance of lipoprotein particles from the circulation (17) . The knockout of the gene for apoE results in a phenotype that is a true null mutation, with no expression of apoE, but has the considerable advantage that the homozygotes are both viable and fertile (19, 20) . The pattern of disease is diet-responsive and the homozygotes fed a standard laboratory chow diet (0.01% cholesterol, 4.5% fat) have a serum cholesterol concentration of 400-500 mg per deciliter with the development of foam cells in the aortic sinus at 10 wk, whereas on a diet similar to that consumed in the United States (western diet, 0.15% cholesterol and fat 20%) serum cholesterol rises to ‫ف‬ 1800 mg per deciliter, this being mostly in the VLDL and IDL fractions with triglycerides being minimally raised (19, 20) . Animals consuming the western diet develop advanced lesions of atherosclerosis with their distribution and histology being almost indistinguishable from human disease (21, 22) . These mice also provide a model for the study of lipoprotein oxidation with lesion oxidation-specific epitopes and antibodies to malondialdehyde-lysine in serum (23) . Heterozygotes have diminished apoE with normal fasting lipids and slightly delayed postprandial lipid clearance consistent with half normal levels of E2 being sufficient to maintain normal serum lipids (19) . Interestingly, crossing these animals with mice which display overexpression of human transgene AI, leads to an elevation of apo-AI, and HDL, and apparently alleviates atherogenicity, as it does also with apo(a) over-expressing mice (24) . The physiological role of apoE is exemplified in two other models. The human apoE3 Leiden variant (tandem duplication amino acids 120-126) leads to type III hyperlipoproteinemia (25, 26) ; overexpression of this gene in so-called E3 Leiden mice leads to a phenocopy of the human disease (25) . The apoE lipoprotein has also been over-expressed in transgenic mice leading to fourfold increase in apoE levels. These animals have a severalfold increase in radio-labeled VLDL/LDL clearance and are resistant to diet-induced hypercholesterolemia (27). In addition to increasing our understanding of the underlying processes (17), these mice can also be used in the development of drugs directed against the atherosclerotic process that can be used to predict efficacy in clinical trials (28) ; and also for testing the applicability of other interventions directed at these processes. In addition to serving as a model of atherogenesis, the mouse has now also been proven to be a valid model system to study a number of other cardiovascular phenotypes directly relevant to cardiovascular disease states in humans, including hypertension, cardiac contractility, hypertrophy, and morphogenic defects that are phenocopies of congenital heart disease phenotypes in man (see Table III ).
Distinguishing developmental versus adult phenotypes
The breathtaking advances in the arena of genes and development underscores the value of using the mouse to dissect complex, polygenic phenotypes. The unraveling of molecular determinants of mammalian embryonic patterning, morphogenesis, and migration provide further support for the feasibility of attacking biological complexity at the molecular level in genetically manipulated mice. In this regard, discrete signaling pathways have been implicated in specific steps of cardiac morphogenesis, from establishment of left-right asymmetry in the primitive heart tube (activin), looping morphogenesis and ventricular specification (Nkx2.5), trabeculation (Neuregulin, erb B2, erb B4) outflow tract septation (Endothelin-1, PAX-3, RXR ␣ /RAR), conotruncal defects (NF-1, RXR ␣ ), aortic arch anomalies (endothelin-1, RAR), ventricular maturation and expansion of the compact zone (RXR ␣ , NF-1, TEF-1, N-MYC, WT-1), and endocardial cushion formation (RXR ␣ , NF-1), thereby providing a host of candidate genes for analysis in sporadic cases of human congenital heart disease phenotypes (see Table III ). The absolute requirement of the cardiovascular system for embryonic variability and growth has led to a rapidly growing list of genes that have an unsuspected, but very important role in cardiovascular development, and that are now announcing themselves by the crude, but definitive, phenotype of embryonic lethality. With well-characterized monitoring systems for murine congenital heart phenotypes at the molecular, morphological, and physiological levels, it should be relatively straight-forward to fully characterize these cardiovascular defects, which will facilitate connections with human congenital heart disease. However, defining where and when these molecules exert their critical function, as well as deriving the mechanistic pathway for these events, will ultimately require strategies for defining the spatial and temporal requirements for a given gene of interest, as well as approaches for obtaining the downstream target genes in the signaling pathways for defined morphogenic steps. In certain cases, obtaining the cell types of interest will also be challenging (e.g., cardiac neural crest), but knock-in strategies (29) using green fluorescent protein and cell-sorting could offer new opportunities. The temporal and spatial control of gene targeting through a variety of different approaches (Tet repressor/activator [30] , interferon receptor reconstitution (31), estrogen/ecdysone receptor modulation) (32, 33) are clearly within reach, and should eventually elucidate where and when a given molecule of interest is required for a particular step of cardiovascular morphogenesis. Clearly, the availability of well-characterized tissue-restricted promoters that can drive high level, uniform, and cell type-specific expression of recombinase will become critical in the future. These promoters could also be valuable for attempting tissue specific rescue of deficiencies in ubiquitously expressed genes, which represents an alternative and complementary approach to the tissue-specific gene targeting strategy. Developing these new tricks of the trade, coupled with our existing wealth of knowledge of cardiovascular embryology, morphogenesis, and fetal physiology, will undoubtedly lead to a more in-depth understanding of the molecular framework of embryonic patterning during cardiovascular development, and should lead to major advances in identifying the key molecular determinants for complex cardiovascular defects. Similar approaches should be useful for approaching cardiovascular physiological phenotypes in another "developmental" window in the post-natal adult context, i.e., genes and physiology (34) . With the above mentioned miniaturized technology for assaying complex cardiovascular physiological phenotypes growing on a routine bases, the era of a single gene physiology may be at hand. However, the "single gene" physiology approach will undoubtedly require the temporal and spatial control of the onset of the targeting event, to minimize the secondary effects on the postnatal phenotype that are likely to occur as a result of the loss of function during embryonic development. Discriminating between cell-cell, cell-matrix, and cell-autonomous events during in vivo signaling pathways for important adaptive physiological responses will also be critical, which should be approachable in genetically mosaic mice, or by cellular transplantation. The inherent cost limitations of breeding and maintaining a sufficient number of animals to monitor chronic adult physiological phenotypes point to the value of developing surrogate in vivo model systems that can uncover candidate genes worthy of further analysis in genetically manipulated mice.
In vivo mapping of cardiovascular signaling pathways
For the past two decades, molecular biology has employed reductionist approaches in the simplest in vitro, prokaryotic, and eukaryotic systems to identify genes which encode proteins of universal biological importance to all living cells. Until recently, the molecular dissection of in vivo phenotypes has been largely restricted to the study of cells and organisms with in-herent genetic advantages, such as yeast ( S. cerevisiae ), worms ( C. elegans ), and fruitflies ( Drosophila ). Given the advent of the new mouse genetics, the opportunity exists to dissect signaling pathways for complex in vivo phenotypes. One of the examples of the value of this approach is provided by recent molecular dissection of the proximal ␤ -adrenergic receptor signaling pathways which control cardiac contractility by Lefkowitz and colleagues (35, 36, 37) . ␤ -adrenergic receptor ( ␤ -ADR) signaling pathways are critical in the regulation of cardiac contractility in response to sympathetic activation in normal physiological states, such as exercise. To better understand the relationship between individual molecules involved in ␤ -ADR signaling and cardiac function, Lefkowitz and co-workers created a series of transgenic mice with cardiac targeted overexpression with either the ␤ 2 -ADR, ␤ ARK, or an inhibitor of ␤ ARK, documenting the power of combining molecular engineering with in vivo physiology to dissect and better understand complex mechanisms of cardiac function. Initial experiments showed that overexpression of the human ␤ 2 -ADR at high levels in the murine heart can lead to a twofold higher level of myocardial cAMP (the effector molecule in the ␤ -ADR signaling cascade) and a remarkable near doubling in contractility in vivo, in the intact mouse (35) . These experiments led to the observation that activation of the ␤ -ADR signaling pathway can occur even in the absence of agonist, supporting the concept of a two-state model of receptor activation in which receptors are in equilibrium between an inactive conformation and a spontaneously active conformation that can couple to G proteins in the absence of ligand (35, 36) . These observations were extended to show that compounds previously thought to function as classic ␤ receptor antagonists (i.e., antagonizing the action of an agonist such as norepinephrine), can actually "turn off" precoupled receptors and function as inverse agonists , a phenomenon not previously shown to occur in vivo (36) . With this new information it will now be possible to identify compounds with previously unrecognized inverse agonist activity that may be exploited for potential therapeutic purposes.
During chronic congestive heart failure, agonist stimulated adenylyl cyclase activity is reduced (receptor desensitization) that is due, in part, to the impaired function of remaining receptors (receptor uncoupling). This condition is associated with an increase in activity and level of the enzyme responsible for ␤ receptor uncoupling, the ␤ -adrenergic receptor kinase ( ␤ ARK). To determine the importance of ␤ ARK in the regulation of in vivo cardiac function, transgenic mice with cardiac overexpression of either ␤ ARK or a peptide inhibitor of ␤ ARK have been produced (37) . Mice overexpressing ␤ ARK demonstrate attenuation of the isoproterenol stimulated increase in in vivo contractility, whereas the opposite phenotype is observed with the ␤ ARK inhibitor with significant enhancement in resting cardiac function. These findings document the importance of ␤ ARK as a critical modulator of cardiac function in vivo, and suggest the value of exploring further the pathophysiologic importance of changes in these molecules in experimental models of heart failure. In addition, since chronic exposure to ␤ -adrenergic agonists, such as catecholamines, can be associated with cardiac injury, careful examination of the cardiac phenotype as a function of adult development is warranted.
While the above example underscores how changes in specific genes can affect cardiac function, it has also been appreciated for many years that changes in form and function can trigger specific changes in the gene programs of many cell types, including the heart. In response to mechanical stimuli, the myocardium adapts to increased workloads through the hypertrophy of individual muscle cells (for reviews see [38] [39] [40] . Because the adult myocardial cell is terminally differentiated and has lost the ability to proliferate, cardiac growth during the hypertrophic process results primarily from an increase in protein content per individual myocardial cell, with little or no change in muscle cell number. Although this process is initially compensatory, there can be a pathological transition in which the heart becomes irreversibly enlarged and dilated, with the accompanying onset of dysfunction at the myocyte level. The central biochemical features of the myocardial hypertrophic response are an increase in contractile protein content and the re-expression of embryonic markers, both of which appear to be largely due to the transciptional activation of the corresponding genes that encode these proteins. The scientific challenge has been to identify the signaling pathways which mediate the complex hypertrophic response in vivo and the associated induction of a subset of cardiac muscle genes. One potential difficulty in defining the signaling mechanisms in vivo models of hypertrophy has been the limited ability to manipulate or control the complex in vivo physiology of hypertrophy. Ultimately, it will be necessary to document how mechanical cues orchestrate a specific set of genetic events in the adult cardiac muscle cell. Ideally, one would like to activate the expression of a dominantly acting gene product, or neutralize the activity of a specific signaling molecule, without interfering with the highly integrated physiology of hypertrophy in response to mechanical loading. Subsequently, an assessment could be made of the effects of the genetic alteration on the acquisition of specific molecular and cellular features of hypertrophy (increase in contractile protein content, activation of embryonic gene expression, increase in muscle cell size, etc.), as well as hallmarks of the physiological phenotype. Although inhibitors of various receptors and enzymes have been used to study the development of myocardial hypertrophy, in many cases the inhibitors are not specific and lead to secondary physiologic effects that confound the interpretation of the results. Thus, the ability to genetically manipulate an in vivo animal model would represent a significant advantage in the study of myocardial hypertrophy.
To capitalize on the advances, in mouse genetics and transgenic/gene-targeting technology, a major effort has been made to establish the mouse as a model system to study cardiac hypertrophy and failure (41) (42) (43) . Since relatively little is known regarding the cardiovascular pathophysiology of the mouse, it first became necessary to directly examine the fidelity of the responses of the murine heart to a bonafide physiological stimulus for hypertrophy. Using microsurgical approaches to circumvent the diminutive size of the mouse heart and great vessels, a reproducible model of pressure-overload hypertrophy has been developed in the mouse (43). In short, the morphological and hemodynamic response of the murine heart to pressure overload is indistinguishable from that seen in larger mammalian species, including man (38, 39, 43) . The ultimate utility of the mouse as a model system to study hypertrophic heart disease and heart failure rests upon the clear documentation that these various physiological phenotypes (diastolic function, compliance, systolic function, basal and agonist mediated increases in cardiac contractility and relaxation, global ejection fraction, ventricular volumes, etc.) can be quantitatively assayed in the in vivo context in the mouse (for a review see 44). Miniaturized catheterization (1, 35) and microangiography technology (42) for quantitatively assaying these complex physiological phenotypes is now available, and has been routinely applied to identify physiological phenotypes in both transgenic and gene-targeted mice (45) .
Previous studies have implicated ras dependent signaling pathways in the activation of features of hypertrophy in an in vitro model system (46) . Using transgenic strategies, recent studies have provided direct evidence that ras is sufficient to activate a hypertrophic response in cardiac muscle in the in vivo context (45) . Activation of the hypertrophic response has been monitored by several independent criteria, including an increase in LV mass/body weight ratio, increased myocardial cell size, and increased expression of an embryonic genetic marker of the hypertrophic response, ANF. The increase in these structural, morphological, and genetic markers of hypertrophy achieved by targeting oncogenic ras expression to the ventricular muscle cells are qualitatively similar to those seen in hypertrophy due to pressure overload in murine myocardium, but they occurred in the absence of concomitant valvular disease, hypertension, or other systemic effects. These mice exhibited a functional phenotype that is qualitatively similar to that seen in compensated human hypertensive heart disease. The findings in this murine model suggest a role for ras -dependent pathways in the genesis of cardiac hypertrophy, as well as in the transition between compensatory hypertrophy and the onset of cardiac muscle dysfunction and the development of myocyte disarray. These mice should be valuable in geneticbased approaches to identify further downstream signaling pathways which mediate this form of cardiac muscle dysfunction, using molecular physiological analysis to characterize the functional phenotype. As a genetically based model of cardiac muscle disease, these mice should now permit dissection of the interaction of ras with retinoids and other signaling pathways, through genetic crosses with other transgenic and gene-targeted strains, as well as physiological and pharmacological manipulations which induce or impair the development of hypertrophy. Furthermore, they identify ras and subsequent downstream signaling pathways as potential targets for interrupting the pathological process of hypertrophy in the in vivo context. In fact, based on these observations, we have recently demonstrated that agents which can block the oncogenic effects of ras , such as retinoids, can serve as suppressers of myocardial cell hypertrophy in an in vitro model system (47), supporting the potential therapeutic importance of these observations. A similar transgenic strategy is now being taken to examine the role of GP130 (40, 48, 49) , G q (50) , and retinoid-dependent signaling pathways (47) in the control of this adaptive physiological response.
Genes and environment
In many cases, complex physiological phenotypes not only reflect genetic background but also are under the control of dietary and other environmental stimuli. Another fascinating example of the fruitful marriage of genes and physiology has been provided by the work of Oliver Smithies, who has systematically targeted key components of the renin-angiotensin system and related pathways, to evaluate their potential role in the control of resting blood pressure in the mouse (51) (52) (53) . Knockouts of the ANP gene give rise to a salt-sensitive form of hypertension (51) ,while increasing the gene dosage of the angiotensinogen gene (one through four copies) results in a quantitative increase in resting blood pressure (52) , providing credence to the concept of hypertension as a quintessential complex, quantitative trait. Mice carrying one normal and one disrupted copy of the ACE gene display a gender-dependent hypertensive phenotype (53) . For all of these studies, blood pressure was monitored in the conscious, awake, unrestrained mouse. Since blood pressure is under diurnal control, it will be valuable to develop new approaches for blood pressure monitoring continuously throughout a 24-h period. Further mechanistic insights have been provided by another recent study that has convincingly shown that endothelial nitric oxide synthase is an important determinant of resting blood pressure, as genetargeted mice lacking this enzyme display elevated blood pressure (54) . In the future, it will be of interest to determine if the hypertensive phenotype in the above animals occurs as a result of changes in the systemic renin-angiotensin and nitric oxide synthetase signaling pathways, or reflect localized changes in tissue-specific regions (e.g., peripheral vascular smooth muscle, kidney, CNS, etc.) Summary Molecular medicine is quickly moving beyond the cloning and expression of human genes and toward the design of systems to assess unequivocally the function of a given gene and/or to identify genes that are required for the maintenance of a given in vivo phenotype. This movement toward coupling genetic and functional analysis is beginning to bridge the generation gap between molecular biologists and physiologists. As noted in the current Perspective, the cutting edge of the field of cardiovascular biology is beginning to gravitate back towards the integration of genes and physiology. In short, molecular technology has paved the way for the evolution of molecular physiology in transgenic and gene-targeted animals, which should lead to the identification of the genetic determinants for complex, integrative heart diseases.
